V
iruses with double-stranded DNA (dsDNA) or dsRNA genomes often package their genome through a channel in a preformed capsid or procapsid (1) . Genome translocation is powered by NTP hydrolysis catalyzed by a DNA-(or RNA)-packaging enzyme (1) . In tailed dsDNA viruses, the channel is a dodecameric ring called the connector, located at a viral 5-fold vertex referred to as the packaging vertex (2, 3) . These connectors often serve as nucleation points for the assembly of motor components that are transiently associated with the capsid (1) . In phage T4, for example, the terminase complex consists of the small terminase subunit gp16, the large terminase subunit gp17, which is the packaging ATPase, and the dodecameric portal ring gp20. T4 gp17 has an N-terminal domain with ATPase activity and a C-terminal domain that translocates and cuts the incoming genomic DNA (4) . gp16 stimulates the ATPase activity of gp17 50-fold (5) . In some cases, such as the tailed phage 29 and the nontailed phage PRD1, the linear dsDNA genome is associated with covalently linked terminal proteins (6, 7) recognized by the genome-packaging ATPase (8) . The dsRNA virus 12 hexameric NTPase P4 combines both RNA translocation and NTPase hydrolysis into a single domain (9) and is a structural component of the virion (10) . The genome-packaging NTPases of some membrane-containing, nontailed dsDNA viruses, like PRD1, are also part of the virion as shown by gel analysis, mass spectrometry, and immunolabeling (8, (11) (12) (13) . These PRD1-type NTPases have been recalcitrant to structural studies due to instability and insolubility (14) , and consequently the catalytic cycles of these proteins are poorly understood.
The NTPase domain of a typical DNA-packaging enzyme contains a phosphate-binding loop (P-loop or Walker A sequence motif) as well as a Walker B motif (1, (15) (16) (17) . These sequence motifs also occur in many cellular proteins such as helicases, kinases, and recombinases (15, (17) (18) (19) . The consensus sequences for the respective motifs are GXXXXGK(T/S) and hhhhDE, where X denotes any amino acid and h any hydrophobic amino acid (15, 17) . Amino acids from both sequence motifs take part in nucleotide binding and hydrolysis: most importantly, the conserved lysine in the Walker A motif is responsible for nucleotide binding, and the conserved glutamate in the Walker B motif is often responsible for activation of water for the hydrolysis reaction (20) . The Mg 2ϩ ion required for ATP hydrolysis can be coordinated either by the conserved aspartate in the Walker B domain (15, 17) or by the conserved serine in the Walker A domain (21, 22) . Socalled arginine fingers facilitate the formation of the transition state (23) and are inserted into the catalytic site of a neighboring subunit in response to a conformational change in the catalytic site of the preceding subunit.
Sulfolobus turreted icosahedral virus 2 (STIV2) was isolated from the hyperthermoacidophilic archaeon Sulfolobus islandicus originating from an acidic hot spring (88.3°C, pH 3.5) and has a 16.6-kbp-long dsDNA genome with 34 predicted open reading frames (ORFs) (24) . Electron cryomicroscopy (cryo-EM) and image reconstruction of STIV2 to 20-Å resolution revealed an icosahedral virus capsid with an internal membrane and vertices decorated by large turrets thought to be involved in host cell recognition and attachment (24) . Thus far, nine structural proteins have been identified by mass spectrometry (24) . Sequence alignment and homology modeling of the major capsid protein A345 suggested that it has a double ␤-barrel fold (24) . The double ␤-barrel fold of the major capsid protein is conserved within viruses from diverse hosts, like human adenovirus, Paramecium bursaria Chlorella virus type 1 (PBCV-1), bacteriophage PRD1, (25) (26) (27) , and the hyperthermoacidophilic, archaeal STIV (28), which is the closest relative to STIV2. These viruses, all belonging to the "PRD1-like lineage," are believed to have a common ancestor that precedes the separation of the three domains of life (29) . It has been suggested that these highly diverse viruses share a core set of genes (the major capsid protein, the penton base, and the genome-packaging enzyme) that are inherited together (28, 30, 31) . However, until now, no packaging NTPase structures have been available for this lineage.
Here, we report the first structure determination of a genomepackaging NTPase, B204, from a nontailed, membrane-containing, dsDNA virus, in four different states: with a bound sulfate ion in the phosphate binding site, in complex with AMP, in complex with the substrate analogue adenylylmethylenediphosphonate (AMPPCP), and in complex with the product ADP. We determined the optimal conditions for in vitro nucleotide hydrolysis and show that B204 binds both linear and circular DNA, with linear dsDNA stimulating the hydrolysis reaction. We further present a model for B204-driven genomic DNA packaging.
MATERIALS AND METHODS

B204 expression and purification.
A putative gene (b204) coding for an NTPase (B204) had been identified previously in the STIV2 sequence (24) . The b204 gene (named based on its reading frame in the STIV2 genome and its length in amino acids) was amplified by PCR from Sulfolobus islandicus G4ST-2 (24) using forward primer 5= CGCCCGCATA TGAATCCGGATGATATAGT and reverse primer 5= GTGGTGCTCGA GAATCGGCTTGTGTATCTT. The product was cloned into pET22b using NdeI and XhoI. The B204 gene was expressed in Escherichia coli ER2566/pTF16 (TaKaRa Bio Inc.) in Luria-Bertani medium supplemented with ampicillin (100 g/ml), chloramphenicol (34 g/ml), L-arabinose (5 mg/ml), and 1 drop of antifoam 204. Cells were grown at 37°C to an optical density at 600 nm (OD 600 ) of 0.5 to 0.6 and induced with 0.5 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) for 1 h. The harvested cells were stored at Ϫ20°C. To produce L-seleno-methionine-labeled B204 for multiwavelength anomalous diffraction (MAD), B834/pTF16 cells were grown as above to an optical density of 0.5 to 0.6, transferred to 400 ml minimal morpholinepropanesulfonic acid (MOPS) medium supplemented with 17 amino acids (32), L-seleno-methionine (50 mg/liter), and antibiotics as above, induced with 0.5 mM IPTG for 2 h, harvested, and stored as above. Cell pellets were resuspended in 100 mM morpholineethanesulfonic acid (MES) (pH 6.5), 100 mM NaCl, 10 mM sodium phosphate, and 5 mM MgCl 2 (buffer A) with DNase I (4 g/ml), lysozyme (40 g/ml), and 1 mM Pefabloc protease inhibitor and lysed with a French press (22°C used for all steps). The cleared cell lysate was applied to a HiTrap heparin HP-column, and bound B204 was eluted with a 0.1 to 2 M NaCl gradient. B204-containing fractions were diluted 2:5 in buffer A containing 20 mM imidazole and loaded on a HisTrap HP-column. Bound B204 was eluted with a 0.02 to 0.8 M imidazole gradient. B204-containing fractions were diluted 1:5 with buffer A, loaded onto a HiTrap SP HP-column, and then eluted with a 0.1 to 2 M NaCl gradient. The monomeric protein was separated by size exclusion chromatography on a Superdex 200 HR 10/ 300 gel filtration column in 100 mM citric acid (pH 5.0), 50 mM NaCl, and 5 mM MgCl 2 . All columns were from GE Healthcare. B204 was concentrated to 12.5 mg/ml by ultrafiltration (10,000 nominal molecular weight limit; Millipore Amicon), snap-frozen in liquid nitrogen, and stored at Ϫ80°C.
Malachite green NTPase activity assay. NTPase activity was measured using the malachite green assay, as described previously (33) using 7 g of protein in a 50-l reaction volume with a final nucleotide concentration of 2 mM. The data were corrected for nonenzymatic ATP hydrolysis. All reactions were done in triplicate. KH 2 PO 4 was used to generate standard curves.
To determine the activity of B204, the assay was performed at pH values between 3.0 and 7.0 (100 mM citric acid [pH 3.0 to 5.0], 100 mM MES [pH 5.5 to 6.0], 100 mM HEPES [pH 7.0]). All buffers contained 100 mM NaCl and 5 mM MgCl 2 . The temperature range analyzed was from 50°C to 90°C. In order to analyze the reaction requirements of B204, ATP was replaced by GTP, CTP, or UTP, and likewise MgCl 2 was replaced with CaCl 2 or MnCl 2 . To determine whether the activity of B204 is stimulated by nucleic acids, 700 ng of linear dsDNA (PCR product of STIV2 a345, 1.8 kbp) or X174 RF I DNA (dsDNA, covalently closed, circular, 5.386 kbp) was used in the reaction.
Electrophoretic mobility shift assay. B204 nucleic acid binding was analyzed using an electrophoretic mobility shift assay. Briefly, 0.1, 0.5, and 1.0 g of B204 were incubated with 100 ng of DNA in 10-l reaction mixtures, including linear dsDNA (PCR-product of the STIV2 a345), X174 RF I DNA (3.50 ϫ reactions were performed at 22°C in 100 mM citric acid (pH 4.5), 100 mM NaCl, and 5 mM MgCl 2 for 30 min. The samples were analyzed in 0.8% SeaKem LE-agarose gels in 1ϫ Tris-acetic acid-EDTA buffer with 0.5 g/ml ethidium bromide (EtBr), and results were recorded using a BioRad Molecular Imager ChemiDoc XRS system. Alternatively, 0.5 and 1.0 g of B204 were incubated with 100 ng of DNA in 5-l reaction mixtures using short DNA molecules (15-, 20-, 25-, and 35-bp No Limits dsDNA fragments; Fermentas). The reactions were performed at 22°C in 100 mM citric acid (pH 5.0), 50 mM NaCl, and 5 mM MgCl 2 for 10 min. The samples were analyzed with 20% polyacrylamide gel electrophoresis (PAGE) in 1ϫ Tris-borate-EDTA buffer, Diffraction data were collected at the European Synchrotron Radiation Facility beamlines ID14-4 and ID23-2. The X-ray fluorescence scan and data collection were performed at beamline 911-3 at MAX-lab (34) . The diffraction images were processed using XDS (35) . The Se sites were located using SHELXD (36) , and the two wavelength MAD data together with the native data were used for phasing with SHARP (37) and SOLOMON (38) ( Table 1 ). The initial model was built using ARP/wARP (39). Molecular replacement was performed using Phaser (40, 41) , with manual model building in Coot (42) . Refinement was performed in REFMAC5 (43) and PHENIX (44) . The refinement statistics are presented in Table 2 . The percentages of residues in the favored areas of the Ramachandran plot for the structures are as follows: (i) Structural alignment and homology modeling. Buried surface area was calculated using PDBePISA (45) . The hexamer model of B204 was generated in PyMOL (The PyMOL Molecular Graphics System, version 1.4.1; Schrödinger, LLC) by aligning the AMPPCP structure to each of the FtsK monomers in Protein Data Bank (PDB accession number 2iuu) (21) (RMSD, 1.832 Å). The Dali server was used for structural alignment of B204 (46) .
Mass spectrometry. Mass spectrometry of purified virions was carried out as described previously (24) .
Protein structure accession numbers. The structures determined in this study have been deposited in the Protein Data Bank with the accession numbers 4KFR (sulfate), 4KFS (AMP), 4KFT (ATP␥S), and 4KFU (AMPPCP).
RESULTS
B204 is an NTPase that binds nucleic acids. We originally postulated B204 to be an ATPase due to the presence of canonical Walker A and B sequence motifs (17, 24) . We produced B204 as a recombinant protein with a mass of 24.8 kDa, indicating that it was the expected, full-length, monomeric protein. The enzymatic activity of B204 was analyzed using the malachite green assay. Initial screening was done for pH optimum using buffers ranging from pH 3 to 7 at 80°C (Fig. 1a) with the rationale that the host for STIV2 grows at 80°C (24) . We further explored the activity of B204 at its optimum pH of 4.5 at temperatures ranging from 50°C to 90°C (Fig. 1b) . Based on these experiments, B204 is most active as an NTPase at pH 4.5 and 80°C, which resemble the physiological conditions of the STIV2 host (24) . We analyzed further the nucleotide specificity of B204 at pH 4.5 and 80°C with ATP, GTP, CTP, and UTP and found that B204 can hydrolyze all of them (Fig. 1c) . Under these reaction conditions, ATP, CTP, and UTP are preferentially hydrolyzed. With ATP as the substrate, the divalent cations Mg 2ϩ , Mn 2ϩ , and Ca 2ϩ are all effective cofactors (Fig. 1d) .
We performed electrophoretic mobility shift assays to analyze B204 binding to nucleic acids. The addition of increasing amounts of B204 to different nucleic acids caused retardation of the nucleic acid in gel electrophoresis seen as a disappearance of the control band and the appearance of a faint band close to the well (indicated by an "S" in Fig. 1e, f, and h ). B204 binds both linear and circular DNA, as well as ds and ssDNA (Fig. 1e) , without apparent sequence specificity. The minimal length of a B204-bound DNA molecule is 20 bp, 15 bp being too short (Fig. 1f) . We wanted, in addition, to determine if the activity of B204 can be stimulated by the addition of nucleic acids in the reaction mixture. We thus analyzed the activity of B204 together with linear and circular dsDNA (Fig. 1g) . Linear dsDNA stimulated ATP hydrolysis, whereas circular dsDNA did not (Fig. 1g) . Furthermore, under our assay conditions B204 also binds linear ssRNA and dsRNA (Fig. 1h) . As the binding assays were carried out at 22°C, both the X174 ssDNA and the 6 ssRNA molecules could be rich in secondary structure, containing numerous predicted hairpin structures. The experiment did not strictly determine if B204 binds to the ss or the ds regions of these molecules. Crystal structure of B204 ligand complexes. We determined the structures of B204 in complex with (i) a sulfate ion, (ii) AMP, (iii) ATP␥S, and (iv) AMPPCP (Fig. 2 and 3 and Tables 1 and 3 ). The resolutions of the structures were between 1.89 and 2.24 Å. The ion in the first complex listed above was modeled as sulfate based on the crystallization conditions (see Materials and Methods). Furthermore, the ATP␥S molecule seems to have been hydrolyzed to ADP (Fig. 2 and 3) . Although there are 2 to 4 molecules (named chains A to D) in the crystallographic asymmetric unit (AU) (Tables 1 and 3 ), the largest buried surface area between any pair of molecules is 640 Å 2 . Furthermore, as the recombinant B204 protein eluted as a monomer in gel filtration in the presence of nucleotides, we conclude that B204 is a monomer. The structure consists of nine ␤-strands and seven helices ( Fig. 2a and 4) . The twisted central ␤-sheet restrains the nucleotide-binding site along with two additional helices (␣1 and ␣7). B204 belongs to the family of A32-like packaging NTPases and has the FtsK-HerA superfamily fold (18), as we had predicted (24) . The main-chain root mean square deviation (RMSD) between chains A of each of the four structures is Ͻ0.5 Å. Two loop regions between amino acids 41 to 47 (␤2-␤3 loop) and 74 to 78 (␤4-␣3 loop) are disordered in most chains (Fig. 5a) .
The residues interacting with the sulfate ion and the nucleotides are K13, K14, G16, K17, S18, Y19, Y186, and I204 (Fig. 2b, c , and e). The adenine moiety stacks between Y19 and Y186, whereas the sugar moiety does not interact with any part of B204 (Fig. 2b,  c , and e). While most of the interactions involve main-chain atoms, the side chain of K17 binds the ␤-phosphate of ADP and AMPPCP (Fig. 2b and c) , and the K13 side chain binds the ␥-phosphate of AMPPCP (Fig. 2c) . The sulfate ion-binding site maps to that of the ␤-phosphate (Fig. 2d and 3d ). In the B204-ADP structure, the catalytic Mg 2ϩ ion is coordinated by S18 in the Walker A motif, the ␤-phosphate of ADP, and four water molecules ( Fig. 2b and 3b ). In the B204-AMPPCP structure, one of the water molecules is replaced by a ␥-phosphate oxygen (Fig. 2c and  3a) . The structure in complex with AMP lacks the Mg 2ϩ ion (Fig. 2e and 3c) .
The P loop (residues 11 to 17, between ␤1 and ␣1) within the Walker A motif was found in two conformations, open and closed ( Fig. 2f; Table 3 ). The maximum difference between two C␣ atoms in these two P-loop conformations is 1.8 Å. Helix ␣1, which follows the P loop, moves via a hinge-like movement around the ␣1-␤2 loop (Fig. 2f and 4) , flexing between the open and closed conformations. Furthermore, if we compare the open B204-sulfate ion structure with the closed B204-AMPPCP structure ( Fig. 2c and d) , we notice the following changes in the active site in the absence of a nucleotide: (i) the gap between Y19 and Y186 opens up, (ii) K13 and K14 bend away from the nucleotide-binding site, (iii) E49 moves further away from the active site, and (iv) S18 moves away from the cation-binding site. These conformational changes are sometimes linked to the ordering of the ␤2-␤3 and ␤4-␣3 loops and to the presence of an additional metal ion ( Fig. 5a and 6a) , although there is not a one-to-one correspondence (Table 3) . In an anomalous difference Fourier map calculated from data collected at the Zn K-edge at 1.28149 Å, we observed a 10.5 peak at the metal site, confirming the presence of a Zn 2ϩ ion (Fig. 5b) . This observed Zn 2ϩ -binding site is formed by D39, H41, D73, and H108, and in the absence of Zn 2ϩ , H41 reorients by approximately 90° (Fig. 5b) . Furthermore, in the B204 structures cocrystallized with AMPPCP, we see an additional bound nucleotide, which lies above the P loop and interacts with L183, K184, and Q185 ( Fig. 6a and b) . Identification of additional STIV2 proteins. We carried out additional liquid chromatography tandem mass spectrometry analyses on very limited amounts of purified STIV2 (24) to see if we could confirm the presence of B204 in the virion. Although we did not see a signal for B204, we did identify three additional proteins corresponding to the gene products of e51, e69, and e76b (Table 4 ). According to TMprep (47), E51 and E76b are predicted to have one transmembrane helix each and could thus reside in the viral membrane.
DISCUSSION
We present the first structures of a dsDNA NTPase from a membrane-containing archaeal virus. We identified several structural homologues by using Dali (46) . This provides insight into the potential enzymatic mechanism. The closest homologue, FtsK (Fig. 6a) (21) , and TrwB (48), DnaB helicase (49), and T7 gp4 helicase (50) exist as hexamers. However, our structures are monomeric, perhaps unsurprisingly; many DNA-translocating proteins in viruses form functional, ring-like multimers only upon binding to the viral capsid (1) . In order to analyze what a multimeric form of B204 might look like and how the suggested catalytic residues might be localized in such a model, we created a hexameric B204 model based on the FtsK hexamer (PDB accession no. 2iuu) (Fig. 6b) (21) . The model was generated by aligning six monomers of chain A of the AMPPCP structure (Table 3) onto each of the FtsK monomers using the program PyMOL. In the generated hexameric B204 model, the nucleotide-binding site lies at the interface between two monomers (Fig. 6b and c) as in the hexameric P4 of phage 12 (9) and FtsK (21) . Furthermore, FtsK is known to process dsDNA, and in our B204 model, the channel is big enough to accommodate dsDNA genome translocation (Fig. 6b) . This is in agreement with our nucleic acid-binding ex- 1) . The genome-packaging NTPases of bacteriophages T4 (gp17; NP_049776.1) and 12 (P4; PDB accession number 1w44), the bacterial conjugation protein TrwB (PDB accession number 1e9s), and the Pseudomonas aeruginosa FtsK motor domain (PDB accession number 2iut) are included for comparison. B204 was initially recognized as an NTPase based on the presence of the canonical Walker A and Walker B sequence motifs (17, 24) . These motifs are labeled, as is the conserved arginine (R) finger, which has been shown to participate in NTP hydrolysis in some P-loop NTPases (9) . The two arginine fingers in 12 P4 are labeled separately. B204 E49 is the proposed catalytic carboxylate. The P9-specific motif is highlighted with a dashed box (58) . The secondary structure of B204 is shown above the aligned sequences. For sequences that are significantly longer than B204, only the aligned part is shown. The sequences were aligned in Clustal Omega using the default settings (59) and edited manually in Jalview (60) , and the figure with the overlaid structure of B204 was generated using ESPript (61) . The figure was finalized in CorelDraw. periments indicating that B204 can bind to dsDNA (Fig. 1) . The ␤2-␤3 and ␤4-␣5 loops point toward the multimer interface, suggesting a role either in multimer formation or in the transmission of conformational change from one monomer to the next, with the putative R127 arginine finger located at the interface between the monomers (Fig. 6c) . The additional nucleotide-binding site is located at the edge of the proposed hexameric model (Fig. 6b) . This suggests that this site could be involved in binding the incoming DNA being packaged. Suggested model for STIV2 genome packaging and virion maturation. We propose a model for the function of B204 based on the different structural conformations that we observed. The mechanical movement of helix ␣1 and the opening and closing of the P loop are coupled to the nucleotide hydrolysis and release of inorganic phosphate. The B204 ␣1 helix could allow conformational breathing of the individual B204 monomers so that the suggested B204 arginine finger R127 can reach into the active site of an adjacent subunit. A sequential ordering and disordering of the ␤2-␤3 and ␤4-␣3 loops-possibly linked with the binding of the identified Zn 2ϩ ion-could further transmit conformational changes between the B204 subunits in a hexameric ring, enabling genome translocation through the central channel (Fig. 6b) . A translocating complex of B204 is required to determine the residues that are responsible for generating the power stroke.
The catalytic metal ion is found only in the presence of at least a nucleotide diphosphate ( Fig. 2 and 3) , but in the absence of the ␤-phosphate, the S18 side chain turns away and the catalytic metal site is not formed. The metal site involves no other protein atoms, which suggests that the catalytic metal ion arrives with the NTP substrate and leaves with the NDP product (15, 17) . Residues D103 and E104 of the Walker B motif, suggested to activate the water required for the hydrolysis reaction in many hexameric translocases, lie quite far from the substrate (shortest distance, 5.4 Å), so it is difficult to envisage how they could participate in catalysis. The only potential nucleophilic water is W426 in the B204-AMPPCP structure, which coordinates the Mg 2ϩ ion and is hydrogen bonded to the conserved E49 (Fig. 2c and 3a) . We suggest that E49 is the catalytic carboxylate activating the water molecule for nucleophilic attack on the ␥-phosphate (9); E49 lies 32 residues downstream of the conserved Walker A lysine (K17).
The packaging of the viral genome requires that the viral DNA be recognized by the packaging complex assembled on the procapsid. Although B204 can bind as little as 20 bp of dsDNA, it showed no sequence specificity under our assay conditions (no procapsid present). The specificity for STIV2 DNA could occur by means of a DNA-binding helper protein such as the virion-associated B72 (24) that would specifically recognize the viral DNA, after which this complex would be recognized by B204. This is analogous to T4, where a separate terminase domain on the C terminus of gp17 recognizes the DNA, and then the N-terminal ATPase domain of gp17 drives the translocation (4). In the distantly related bacteriophage PRD1, the terminal protein that is covalently linked to the genome is required for packaging and is probably recognized by the packaging ATPase (8) . Hence, the additional nucleotide-binding site on the suggested capsid-distal side of B204 (Fig. 6b) could mimic the recognition site for a B72-DNA complex.
Our biochemical and structural data, together with knowledge of the assembly of other membrane-containing, nontailed viruses such as PRD1 (8) and STIV (51) , prompted us to propose an assembly pathway for STIV2 utilizing a multimeric ring of B204 assembled as a portal on the STIV2 procapsid for dsDNA translocation (Fig. 7) . We propose that B72 recognizes and binds the STIV2 genomic dsDNA, analogously to T4 (4). The STIV2 capsid components start to assemble into a procapsid on the membrane 
FIG 7
Schematic model of STIV2 genome packaging and virion maturation. The capsid of STIV2 is composed of A345, the major capsid protein (blue hexagons).
The turrets (red triangles) are composed of B631 and A55. The capsid encloses a lipid membrane, with at least seven different membrane proteins (A259, C141, E132, A55, A103, E51, and E76b [black spheres]) bound to it. Membrane proteins E51 and E76b are suggested to form a pore, or the connector, in the viral membrane for dsDNA translocation at the packaging vertex (orange spheres). Initially, the STIV2 components assemble into a procapsid. Meanwhile, the B72 DNA-binding protein recognizes and binds to the STIV2 genome, forming the initiation complex for genome packaging and recruiting the genome to the motor complex. The STIV2 genome is translocated into the procapsid with energy derived from ATP hydrolysis, possibly followed by circularization of the genome.
as seen in PRD1 (8) . In most vertices, a complex of A55 (transmembrane anchor) and B631 pentamers form the turrets analogously to what is seen in STIV (24, 28) . B204 assembles at a unique genome-packaging vertex in a multimeric ring such as the 12 P4 and T7 gp4 helicase (9, 50) . The genome is recruited to that vertex by B72 to form the translocating motor complex, which uses the hydrolysis of NTP to power the movement of dsDNA through a central channel in the ring into the capsid. The next hurdle in assembly is translocation of the genome through the internal membrane of the procapsid. It is likely that small membrane proteins would form a pore in the STIV2 membrane at the unique vertex similar to the membrane proteins P20 and P22 in PRD1 (8) .
In contrast to the one identified transmembrane protein in STIV, six proteins have been identified in STIV2 (A259, C141, E132, A103, A55, E51, and E76b) that are predicted to be transmembrane proteins (Table 4 ) (24, 28) . If A55 is used only for interaction with B631, E51 and E76b are currently the most likely other pore-forming candidates based on sizes equivalent to those of the PRD1 proteins (28) . The STIV2 genome may circularize upon encapsidation, as both STIV2 and STIV virions have been suggested to contain a circular genome based on sequencing results (24, 52) and production of virus when the host is transfected with a circular, but not linear, STIV full-length genomic clone (53) . Thus far, we have not identified any genes encoding a ligase that could circularize the genome. Alternatively, the genome may be linear in the capsid but circularly permutated due to a headful packaging reaction as in P1 (54, 55) . Upon genome packaging, the capsid does not undergo the large conformational changes seen in tailed DNA viruses; rather, the stabilization occurs through membrane-DNA interactions as seen for PRD1 and STIV (8, 51, 56) . Our model synthesizes data from many assembly systems in which the key components have been shown to be structurally related. We propose that the assembly within the bacterial and archaeal lipid-containing viruses of the PRD1 lineage may also be conserved.
